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abstract 

The  inOuence  of  three  typical  annealing  cydes  normally  used  in  IGFET  processing  oo  as-&bricated  and  post-r 
irradiated  gate  oxide  defect  levels  was  studied.  These  cycles  were:  l)'"pbst-oxidatioa'^for  S  minutes  at  1000*C 
m  argon,  2)  "p^-polysilicon’^for  30  minutes  at  SOO^C  in  forming  gas,  and  3)"'*post-metallizahoa‘*^fcr  30 
nunutes  at  400*C  in  hydrogen.  Gate  oxide  defects  were  characteiued  using  opticaJly  assisted  electron  injection 
of  o-chanoel  potysilicon-gaied  IGFET  devices.  It  was  found  that  the  presence  or  absence  of  any  of  the  three 
annealing  cycles  during  processing  had  no  effect  on  measuxed  interface  stare  and  bulk  oxide  defect  levels  in  the 
as-^bricated  devices.  Fallowing  exposure  to  A1  IQpt  X-ray  ladialioQ,  the  increase  in  the  number  of  bulk  oxide 
defects  was  found  to  be  iodepeodem  also  of  the  presence  or  absence  of  any  of  the  cycles.  The  interface  state 
density  was  found  to  itKiease  only  slightly  following  irradiation,  with  the  smallest  increase  occurring  for 
devices  which  had  received  either  the  post-oxidation  or  the  post-metal  anneal  These  lesnlls  may  indicate  that 
other  high  tempetatore  steps  which  are  present  in  IGFET  processing,  as  weU  as  the  use  of  different  electrode 
materials  than  were  employed  in  the  eadier  studies  oversha^w  the  effects  of  the  three  annealing  cydes  studied, 
and  therefore,  the  endre  processing  sequence  of  IGFET  fabrication  must  be  considered  in  determining  the 
factors  which  influence  gate  insulator  defect  levels  and  susceptibility  to  iooiziDg  radiation. 
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the  cycles.  The  interface  state  density  was  found  to  increase  only 
slightly  following  irradiation,  with  the  smallest  increase  occurring 
for  devices  which  had  recieved  either  the  po s t- ox id a t ion  or  the  post-metal 
anneal.  These  results  may  indicate  that  other  high  temperature  steps 
which  are  present  in  the  IGFET  processing,  as  well  as  the  use  of  different 
electrode  materials  than  were  employed  in  the  earlier  studies  overshadow 
the  effects  of  the  three  annealing  cycles  studied,  and  therefore,  the 
entire  processing  sequence  of  IGFET  fabrication  must  be  considered  in 
determining  the  factors  which  influence  gate  insulator  defect  levels 
and  susceptibility  to  ionizing  radiation. 

2)  As  Insulated  Gate  Field  Effect  Transistor  (IGFET)  dimensions 

continue  to  decrease,  and  fabrication  sequences  rely  increasingly  on 
processes  which  involve  ionizing  radiation,  it  becomes  essential  to 
understand  the  rad iation- inducea  threshold  voltage  shift  dependence  on 
gate  insulator  thickness,  since  threshold  voltage  tolerances  are  required 
to  scale  with  device  dimensions.  Unfortunately,  the  picture  that  emerges 
from  the  literature  is  unclear  in  explaining  this  dependency.  In  the 
present  study,  n-channel  IGFET  devices  were  fabricated  with  gate  insulator 
thicknesses  ranging  from  6-50  nm ,  and  were  then  exposed  to  A1  K'2i.  X-ray 
radiation.  Gate  oxide  coulombic  defects  and  neutral  electron  traps  were 
measured  before  and  after  irradiation  using  optically  assisted  electron 
injection.  Following  irradiation  and  injection,  the  measured  voltage 
shifts  indicated  that  the  "extrinsic"  defects  are  localized  near,  but  not 
at,  the  Si/SiO^  interface.  It  is  shown  that  if  the  insulator  thickness 
is  separated  into  three  regions;  (1)  a  region  above  the  extrinsic  defect 
volume  in  whichAV^  is  linear  in  (2)  a  region  containing  all  of  the 

extrinsic  defects  in  which  (aV  is  quadratic  in  t  ,  and  (3)  a  region 
below  the  extrinsic  defect  volume  close  to  the  Si^SiO^  interface  in 
which  2.V^  =  0,  then  theAV^  vs.  t  ^  data  can  be  very  simply  explained.  This 
model  is  shown  to  be  capable  o^  resolving  the  confusion  in  the  literature 
surrounding  the  dependency  of  :\V  on  insulator  thickness,  and  of 
providing  a  unique  and  simple  m.ethod  for  determining  the  defect  centroid 
in  gate  insulators. 


1.0  INTRODUCTION 


It  is  well  Imown  that  the  insulaton  in  insulated  field  effisct  traosistois  (MOSFETs  or  IGFETs)  exhibit 
electrically  active  defects.  The  concentiatioD  of  these  defects  is  reported  to  be  processing  depeIldeot^  and  in 
general  the  defect  concentiatiOQS  are  reported  to  increase  when  the  insulatcv  is  exposed  to  ionizing  radiadon.^ 
In  the  literanire,  these  defects  have  been  categorized  into  two  groups;  interface  states  and  bulk  defects. 

Interface  states,  located  at  the  Si/SiO^  interface  by  definition,  are  believed  to  be  the  same  as  the 
centers  found  using  EPR.^  These  states  have  the  effect  of  lowering  the  carrier  mobility  in  the  channel  of  an 
IGFFT,  which  is  realized  as  a  degradation  in  the  transconductance,  and  sub-threshold  slope  of  the  device. 
Measurements  made  on  metal  electroded  capaators  have  shown  that  the  density  of  process-irtduced,  "intrinsic" 
interface  stales  can  be  reduced  by  annealing  ^  relatively  low  temperatures  (400*C  -  550*C)  in  a  hydrogen 
coQtaining  ambient  atmosphere  (e.g.,  or  forming  gas),  or  in  an  inert  ambient  atmosphere  such  as  nitrogen  or 
argon  when  a  metal  such  as  aluminum  is  presem  over  the  oxide.^’^  It  is  believed  that  the  interfadal  traps  can 
become  electrically  inactive  when  hydrogen,  originating  from  the  ambient  atmosphere,  or  from  a  reaction  of  the 
gate  metal  with  water  vapor  and/or  water  in  the  insulaton  during  the  annealing  cycle,  migrates  to  the  Si/SiOj 
interfrice  and  binds  the  dangling  silicon  bonds  at  the  /’s  centers.  In  contrast  with  the  effects  of  low  temperanue 
hydrogen  annealing  on  intrinsic  internee  state  densities,  it  has  been  reported  that  the  sensitivity  of  metal 
electroded  capacitors  to  radiatioo-indneed  "extrinsic"  interface  state  formation  is  increased  when  high 
temperature  annealing  in  hydrogen  containing  ambient  annospbetes  is  included  in  the  fabrication  process,^’* 


Bulk  oxide  defects  have  been  categoized  into  four  general  types;  neutral  bole  traps  (NHT),  fixed  positive 
charge  (FPC),  neutral  electron  traps  (NET),  and  fixed  negative  charge  (FNC).’  It  was  reported  about  20  yean 
ago  that  high  temperature  (600*C  -  1200*Q  annealing  of  Si02  insulators  in  inert  gas  ambient  atmospheres  will 
reduce  the  measured  levels  of  fixed  charge  in  Al-gated  MOS  capacitors.  '  The  introduction  of  charged  bulk 
defects  into  the  insdator  e  g.  by  exposure  to  ionizing  radiaticn,  ;vill  cause  a  voltage  shift  of  the  device,  which  is 
usually  measured  as  a  fiatband  voiuge  shift  in  capacitors,  or  a  threshold  voltage  shift  in  IGFETs.  These  voltage 
shifts  have  been  used  to  measure  the  radiatioo  sensitivity  of  insulatois  which  have  been  subjected  to  various 
aonealing  cycles,  atxl  to  measure  the  ability  of  annealing  treatmeois  to  remove  defects  indnoed  by  radiatioa  For 
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example,  it  has  been  repotted  that  tbe  sdditioQ  of  oxygen  into  the  post-oxidaticD  anneal  ambient  atmospbeie 
reduces  tbe  radiadoD  sensitivity  of  Al-gated  MOS  capacitors^^,  but  that  annealing  of  dry  oxides  in  pure  N2  at 
temperatures  above  8(X)*C  results  in  larger  voltage  shifts  in  Al-gated  capacitOR*^,  and  polysUicoo-gaied 
capacitors^^  following  irradiaiioa  It  has  also  been  reported  that  low  temperature  (4S0*C)  annealing  of  Al-gated 
capacitors  in  hydrogen  containing  ambient  atmospheres  results  in  larger  post-iiradiatioo  flatbaod  voltage 
shifts.  However,  low  temperature  (400*C)  anwaltng  in  forming  gas  ( 10%  H2  -  90%  Ar)  fidlowing  exposure  to 
ionizing  radiahoo  has  been  shown  to  reduce  bulk  oxide  defiscts  in  polysilicoo-gaied  IGFETs,  with  fixed  positive 
charge  being  mote  easily  aimealed  than  neutral  electron  traps  and  fixed  negative  charge  being  mote  difficult  to 
annual  than  either.^ 

Tbe  present  paper  is  concerned  primarily  with  tbe  role  that  various  annealing  cycles  which  are  typically 
incorporated  into  tbe  fabricahon  process  of  IGFET  devices  have  00  the  observed  defect  levels  in  as-fabricated 
devices,  and  in  devices  subsequently  exposed  to  ionizing  radiatioa,  in  unbiased  polysilicoo-gaied  IGFETs  as 
opposed  to  biased  Al-gated  capacitors.  Thus,  this  paper  is  piimarily  coocemed  with  IGFET  processing-induced 
defect  foimahon.  wbich  includes  possible  defect  foimaooo  due  to  processes  which  utilize  ionizing  radiatioa, 
e.g.  X-ray  lithography.  It  will  be  shown  that  some  of  tbe  annealing  cycles  which  have  individually  been  shown 
to  infiueoce  tbe  rad  hardoess  of  MOS  capadtons  essentiaDy  have  uo  effect  on  processing-induced  SiOj  defect 
foimadoa  in  IGFETs,  perhaps  due  to  the  inctxporatioD  of  other  tugh-temperanire  processes  in  the  fabiicahoa 
sequence,  or  because  tbe  initial  wodc  was  done  with  biased  metal-gated  capadtots  and  modem  structmes 
employ  polysilicon  aod/or  refiaaoiy  metal  or  silidde  gate  electrodes.  Thus,  tbe  euhre  process  sequence  of  an 
IGFET  device  must  be  considered  in  assessing  the  factors  which  govern  the  initial  defect  levels  and  the 
radiation  sensitivity  of  such  devices. 

2.0  EXPERIMENTAL  PROCEDURE 

The  devices  used  in  this  study  were  n-cbauoel  polysilicou  gate  IGFFTs  fabiicated  oo  0.5  ohm-cm  (100) 
p-type  silicon  wafen.  They  consist  of  a  large  fS  x  10*^  cm^)  endosed  gale  insulator  area  designed  specifically 
for  charge  injecdoo  and  radiatioa  damage  studies.  These  devices  have  been  employed  in  earlier  studies.^'^.  Tbe 
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process  used  to  fabricate  these  devices  was  essenbally  "radiadoo-free Only  the  teacdve  ion  etching  of  the 
polysilicoQ  gate  and  the  ion  implaotadon  for  the  source  and  drain  regions  could  be  considered  possible  radiation 
sources. 

The  gate  insulators  were  scxalled  "dry-oxides"  grown  at  1000‘C  in  a  •  4.3%  HQ  mixture  at  1 
atmosphere  to  a  thickness  of  33  om.  All  devices  were  fabricated  simultaneously,  with  processing  splits  inserted 
at  various  annealing  cyck  steps  in  the  fabrication  sequence.  The  three  annealing  cycles  involved  in  the  spbti 
were:  1)  a  "post-oxidation  anneal"  (POA)  for  S  minutes  at  1000‘C  in  argon,  which  is  performed  as  a  standard 
part  of  the  oxidation  cyck,  2)  a  "post-poly  anneal"  (PPA)  for  30  minutes  at  300‘C  in  forming  gas  (8.8%  H2  + 
912%  Ail)  which  occurs  after  the  diekctiic  oxide  has  been  deposited  over  the  patterned  nolysilicoa  gate 
electrode  but  prior  to  contact  hole  opemng,  and  3)  a  "post-metal  anneal"  (PMA)  for  30  minutes  at  400*C  in  H2 
which  is  the  final  processing  step.  The  splits  were  performed  such  that  one  group  of  wa&is  received  all  three  of 
these  annealing  cycles,  another  group  received  none  of  these  cycles,  aud  the  other  groups  received  various 
combinations  of  them. 

Following  a  complete  characterization  of  the  as-fabricated  IGFET  devices  in  terms  of  their  initial  1-V 
curves  and  defea  levels,  a  singk  quadrant  from  one  wafer  in  each  processing  split  was  exposed  to  esseotially 
monochromatic  A1  Ka  radiation  (1.49  keV)  in  the  X-ray  generator  described  in  a  previous  publication.^^  No 
gate  biasing  was  used  during  the  irradiation  in  order  to  simulate  fabncation  processes  in  which  ionizing 
radiation  was  preseot.  The  dose  absoibed  in  the  gale  insulator  was  kept  constam  for  all  wafers,  and  was 
calculated,  using  the  method  of  reference  17.  to  be  8  J  x  10^  Rads  SiOj.  The  dosage  was  calculated  using  mass 
absorption  coeffidents  of  1268  x  10^  cm^/gm  and  0J428  x  10^  cm^/gm,  and  density  values  of  2.32  gm/cm^ 
and  2.33  gm/cm^  for  SiOj  and  Si  respectively. 

Device  I-V  curves  were  measured  prior  to  irradiatioa  to  establish  initial  threshold  voltage  values  and 
subtbresfaokl  characteristics.  It  should  be  noted  that  ail  the  devices  which  did  not  receive  the  post-metal 
annealing  cyde  showed  a  saturation  effect  in  their  I-V  curve  at  intermediate  gate  voltages,  attributable  to  a  high 
contaa  resistaooe  in  these  devices.  The  post-metal  anneal  has  been  found  to  reduce  this  contaa  resistance 
dramatically  following  the  lift-off  metal  processing  that  was  used. 
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Using  the  method  of  Benedetto  and  Boescb’®,  subthiesbold  slope  measurements  were  employed  to 
approximare  interface  state  densities.  A  measure  of  the  interface  state  density  of  an  IGFET  is  the  so-called 
subthreshold  "swing",  S,  defined  as:**’’® 


S  aIndO) 


dVo 

dHh)' 


(1) 


where  V'c;  is  the  voluge  applied  to  the  gate  electrode,  and  /q  is  the  measured  drain  current  in  the  subthiesbold 
region  of  the  I-V  curve.  The  quantity  dVc/dlnf/o)  is  the  inveise  of  the  slope  in  the  subthiesbold  regioo  of  the 
I-V  curve  when  the  log  of  the  drain  current  is  plotted  against  the  apfiitd  gate  voltage.  The  change  in  the  initial 
airf  post-irradiation  mean  interface  state  density,  AD,>,  from  the  weaJc-inversion  to  the  strong-inversioo  region 
of  the  silicon  bandgap  is  found  through  the  expression:’® 


where  5  0  and  5'  are  the  initial  and  post-inadiatioa  subthreshold  swings  respectively,  C,  is  the  insulator 
capacitance,  and  Cq  is  the  maximum  depletion-layer  capacitance.  For  the  35  nm  oxides  in  the  present  study,  C{ 
was  calculated  to  be  9.86  x  10**  F/cm^,  and  using  a  bole  coocentiatioD  of  2.78  x  lO’*  cm'^  for  the  0.5  ohm-cm 
p-type  substrates,  Co  was  calculated  to  be  5.48  x  10’*  F/cm^  at  the  maximum  depletion  layer  width. 


Bulk  defect  levels  were  measured  before  and  after  iiradiatioo  using  a  modified  version  of  the  optically 
assisted  electron  injectioo  technique  described  in  reference  20.  The  number  of  fixed  positive  charges  (FPC)  was 
determined  by  measuring  the  threshold  voltage  shift  following  injectioo  of  2J  x  lO’*  electrons/cm^  and  the 
neutral  electron  trap  (NET)  coiKentratioo  was  determined  by  injecting  an  addifional  10 ’*  electcoos/cm^  into  the 
same  device,  and  measuring  die  additional  threshold  voltage  shift  Fixed  negative  charge  (FNC)  coocentratioos, 
present  in  small  quantities  following  iiradiatioa,  were  deduced  from  a  compaiisoo  of  threshold  voltage  values 
before  and  after  iiradiatioo  and  injectioo  as  described  previously.^’  If  it  is  assumed  that  all  the  defects  are 
located  near  the  Si/Si02  interface,  and  are  singly  charged,  then  for  the  35  nm  oxides  a  10  mV  threshold  voltage 
<Lhift  would  correspond  to  a  defect  coocentratioa  of  approximately  0.6  x  lO”’  cm'^. 
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3.0  EXPERIMENTAL  RESULTS  AND  DISCUSSION 


(1)  Intei&ce  States 

Table  I  shows  the  measured  inidal  aod  post-inadiated  subthreshold  dVcId  IoC/q  )  values  and  the  change  in 
the  initial  and  post-irradiation  mean  interface  state  density,  ,  as  calculated  from  Eq.  (2)  for  the  various 
wafer  groups.  An  average  value  with  a  ±1<T  variadon  from  the  measurement  of  S  separate  devices  in  each  group 
is  given  in  the  tabk.  The  initial  dVc/dlnf/o)  values  are  a  measure  of  the  interface  state  density  in  the  as- 
fabricated  devices  prior  to  irradiation.  From  the  initial  values  in  Table  I  it  can  be  surmised  that  the  initial 
interface  state  density,  Df,,  is  not  signiticant  because  there  is  not  a  signihcant  change  in  the  initial  dVc/dlnf/o) 
values  following  the  post-metal  annealing  cycle,  aod  this  cycle  is  lowwn  to  reduce  the  interface  state  density 
when  a  signiticant  number  of  interface  states  are  present,  as  mentioned  earlier.  The  average  initial  dVc/dlnf/o) 
prior  to  post  metal  annealing  (groups  5-8  in  Table  1)  was  84.4  mV/decade  and  this  average  value  only  slightly 
decreased  to  82.6  mV/decade  foBowing  post  metal  annealing  (groups  1-4  in  Tabk  1).  If  these  values  are 
substituted  into  Eq.  2,  where  now  5 '  is  the  swing  prior  to  post-metal  annealing,  aod  .So  is  the  swing  atier  post¬ 
metal  annealing  (which  represents  the  swing  value  when  there  are  not  a  significant  number  of  interface  states 
present),  then  the  initial  approximate  interface  state  density  at  mid-gap  prior  to  post-metal  annealing  is 
calculated  to  be  D,>  s  2  x  10^^  cm'^eV^  This  value  is  of  the  order  of  the  sensitivity  of  the  technique,  aod 
therefore  indicates  that  within  this  sensitivity  there  is  not  a  significam  number  of  interface  stales  present  in  any 
of  the  wafer  groups  prior  to  irradiatioa  Thus,  the  presence  or  absence  of  any  or  all  of  the  three  annealing  cycles 
iixlicated  has  little  or  no  effea  on  the  as-fabricated  interface  state  density. 

Immediately  following  irradiation,  aod  prior  to  a  post-irradiatioo  annealing  cyck  to  remove  raditfion 
damage,  dValdlodo)  was  seen  to  only  slightly  increase  for  most  of  the  groups,  with  a  noticeable  ioaease 
occurring  for  the  two  groups  which  did  not  receive  either  a  post-oxidation  anneal,  <x  a  post-metal  anneal.  The 
average  calculated  AD,>  was  approximately  3.4  x  10*^  an'^eV*  at  mid-gap  for  the  first  six  groups  which 
incorporated  either,  or  both  the  post-oxidatioa  annealing  cycle  aod  post-metal  annealing  cycle,  and  was  7.4  x 
10‘®  cm’^eV'  for  the  group  which  received  only  the  post-poly  annealing  cycle,  and  21.1  x  10*®  cm '^sV*  fos 
tire  group  which  received  none  of  the  three  anixaiing  cycles  prior  to  irradiatioa  Thus,  either  the  post-oxidalioo 


annealing  cycle  or  the  post-metal  annealing  cycle  by  itself  appears  to  be  capable  of  reducing  the  subsequent 
sensitivity  to  radiation  induced  interface  sute  formadoo  to  its  lowest  value.  The  post-poly  annealing  cycle  by 
itself  also  reduces  this  sensidvity,  but  not  to  the  extent  of  the  other  two  cycles.  Nonnally,  if  ionizing  radiation 
was  involved  during  processing  (for  example  at  metal  level  lithography),  then  post  metal  annealing  would  be 
employed  following  the  exposure  to  radiadon.  In  the  presea  study  we  were  interested  in  determining  whether  or 
not  ^nhanrad  soscepdbility  to  radiadon  could  be  correlated  to  the  use  or  non  use  of  annealing  cycles  of  the  three 
types  It  is  interesting  that  contrary  to  the  reports^'*  in  wbicfa  high-temperature  annealing  was 

observed  to  i*yT^a<*  the  suscepdbihty  to  radiadon-induced  interface  state  formadoo,  we  find  that  low- 
temperature  hydrogen  annealing  somewhat  improves  radiadon  sensidvity  reststance  reladve  to  inter&oe  states, 
with  no  evidence  that  any  degradadon  occurs. 

(2)  Bulk  Defects 

Table  n  shows  the  inidal  and  post-irradiated  tbresbold  voltages  and  thresbidd  voltage  shifts  following 
electron  injecdoo  associated  with  fixed  posidve  charge,  oeulial  electron  traps,  and  fixed  negative  charge  for  the 
vahous  wafer  groups.  Initial  results  shown  are  averages  from  5  separate  devices  per  group,  and  post-iiradiadoo 
results  are  from  10  different  devices  on  the  same  wafers.  All  inidal  FPC  voltage  shifts  were  less  than  10  mV 
(the  maximum  sensidvity  of  the  measurement  teclxdque),  indicadng  that  the  initial  fixed  positive  charge 
coocentradon  was  less  than  0.6  x  10^^  cm'^  independem  of  whether  annealing  cycles  were  used  w  omitted.  The 
initial  large  neutral  electron  trap  levels  were  measured  to  be  about  1.8  x  10‘°  cm'^  for  aU  groups,  which  is  oo 
the  low  side  for  tins  type  of  defect 

As  expected,  an  iociease  in  these  defect  levels  was  observed  following  inadiadoo.  However,  the 
measured  voltage  shifts  conespooding  to  these  defect  levels  were  essendaOy  the  same  for  aU  groups, 
independent  of  whether  the  wafers  were  subjected  to  any  or  aU  of  the  annealing  cycles.  The  threshold  voltage 
chift  values  imply  that  the  levels  of  bulk  defects  introduced  by  exposure  to  8.5  x  10^  Rads  were  approxiinately 
5.7  X  10*  *  cm'^  for  fixed  posidve  charge,'9.4  x  10**  cm’^  for  neutral  electron  traps,  and  5.4  x*10*®  cm"^  for  fixed 
negadve  charge.  The  approximate  5%  variadon  in  the  tbiesbokl  shifts  from  group  to  group  is  typical  of  the 
vahadoo  seen  from  one  irradiation  tun  to  the  next. 
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(3)  General  £>isaissioo 


The  above  results  indicate  that  the  three  ann»jaling  cycles  being  studied  have  little  or  do  efEect  on  the  as* 
fabiicaled  interface  sute  and  bulk  defect  levels,  no  eftct  on  the  sensitivity  of  the  IGFETs  to  radiatioo  induced 
bulk  defect  fonnatioo.  and  only  a  slight  influence  on  the  sensitivity  to  radiatioa  induced  ixxeifioe  state 
fonnatioa  As  pointed  out,  the  post  metal  annealing  cycle  seems  to  be  useful  in  reducing  conuct  resistance  in 
lift-off  pattered  conua  barriers,  and  lift-off  metal  intetconnectioos,  althou^  annealing  in  hydrogen  is  not 
accessary  for  this  effect  to  be  realized.  Yet,  as  mentiooed  earlier,  these  types  of  annealing  cycles  by 

tlemselves  were  reported  to  influence  defea  levels  in  MOS  capadtors.  The  difference  in  the  results  may  be 
attnbutabie  to  the  differences  in  processing  of  the  earlier  and  presem  devices,  as  well  as  to  the  difference  in  gate 
electrode  materials  employed.  Capacitor  processing  typically  only  involves  oxidation,  annealing  (opdooal), 
metallization  and  patterning,  and  possible  post-metal  annealing.  Thus,  the  addihoo  oi  subtraction  of  a  particular 
aiwaiing  cycle  is  a  mtyor  event  which  may  have  oodceable  efiiects  on  oxide  defixt  levels.  On  the  other  hand. 
IGFET  processing  is  much  more  involved,  typically  incotporaiing  100  or  more  processing  steps.  It  is  therefore 
possible  that  other  processing  steps  influence  the  oxide  defea  levels  to  a  degree  which  overshadows  the 
influence  of  the  three  amealing  cycles  studied.  In  the  fabncahon  sequence  used  in  the  present  study,  the 
following  higb-temperature  processes  following  the  gate  oxidatioo  represere  normal  parts  of  our  process 
sequence; 

1.  Doping  of  the  polysihcoo  gate  to  lower  shea  resistance 
(900*C  for  22  minutes  in  a  POQ^  +  Ar  ambient  atmosphere) 

2.  'Tt.e-oiddatioa"ofthepolysilicoa  gate  and  souice/dnin  regions 
(8S0*C  for  30  minutes  in  a  steam  H^O  ambient  atmosphere) 

3.  Doping  of  the  dielectric  LPCVD  oxide  layer  for  step  coverage  coosideratioas 
(900*C  for  22  minutes  in  a  POCI3  +  Ar  ambient  atmosphere) 

4.  SourceAirain  diive-in  and  defea  annulling  following  ion  implanutioo  to  activate  species  and  remove  ion 
implantation  damage  . 

( 1000*C  with  5  minutes  O2  +  5  minutes  Nj  +  10  minutes  Ar) 

In  essence,  all  four  of  the  above  processing  steps  also  cootribute  to  post-oxidaiioo  annealing,  even  though  they 
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are  desigoed  and  required  for  other  device  conaderanoos.  From  the  results  presented,  it  can  be  sunnised  that 
this  combinatioQ  of  processing  steps  is  sufficient  in  reducing  inidai  oxide  defects  and  radiadon  sensidvity  to  the 
values  that  were  measured.  It  is  also  the  case,  as  pointed  out,  that  we  used  a  polysilicon  gate  technology  whereas 
previous  reports  were  based  on  metal  gate  capacitors  only.  Furthermore,  most  studies  of  MOS  c^adtors, 
iocluding  those  referenced  earlier,  employ  biasing  during  inadiadoa  It  is  not  known  whether  irradiadoo  in  the 
"floating"  condidon  that  we  employed  in  order  to  simulate  process  induced  radiadon  behavior  would  also  atftyt 
the  lack  of  significaru  differences  due  to  the  three  annealing  cycles  studied. 

It  should  be  pointed  out  that  had  ionizing  radiadon  been  introduced  into  the  process  after  the  high 
temperature  steps  mendoned  above,  then  as  mennoned  the  post  metal  annealing  cycle  would  exert  significant 
influence  on  the  residual  defect  levels  as  shown  in  reference  9.  Examples  of  such  a  siniadon  would  include  X- 
ray  or  electron  beam  lithography  of  contaa  and  metal  levels,  and  election  beam  metallizadoa 

4.0  CONCLUSIONS 

The  effects  of  "normal"  processing  annealing  cycles  (post-oxidadoa  post-polysilicoo,  and  post- 
metallizadon)  on  inidal  and  radiadon  induced  gate  insulator  defect  levels  in  IGFET  devices  was  studied. 
Although  similar  cycles  have  been  repotted  previously  to  reduce  Si02  defea  levels  in  MOS  capadton,  it  was 
found  in  the  present  study  that  they  bad  little  or  no  elfect  on  the  inidal  interface  state  and  bulk  oxide  defect 
densities  in  the  IGFET  devices.  Also,  the  annealing  cycles  had  little  or  no  effect  on  the  sensidvity  of  the  devices 
to  radiadon  induced  bulk  defea  focmadoo.  A  slight  influence  on  the  susceptibility  of  completely 
devices  to  radiadon  induced  interface  state  formadon  was  observed,  and  it  was  found  that  either  the  post- 
oxidadon  annealing  cycle  or  the  post-metal  annealing  cycle  alor'i  was  capable  of  reducing  the  susoepdbility  to 
its  lowest  value.  The  presence  of  the  post-poly  annealing  cycle  by  itself  in  the  process  also  reduced  the  nnmix-r 
of  interface  states  produced  subsequeody  by  exposure  of  the  devices  to  ionizing  radiadon,  but  not  to  the  extent 
of  the  ocher  two  cycles.  In  lift-off  processing  the  post  metal  annealing  cycle,  while  not  affecting  insulator  defea 
levels,  was  found  useful  for  minimiying  contaa  resistanoe  problems. 
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Tbe  differeoce  m  the  effect  of  these  anoeaiing  cycles  oo  MOS  capaators  aod  IGFET  devices  is  not 
suipnsing  when  tbe  entire  processing  sequence  is  considered.  Several  high  temperature  processes  present  to 
IGFET  fabricanon,  but  not  in  MOS  capacitor  fabricatioQ  (for  eumple,  source-drain  annealing  and  impurity 
acdvahooi  coombute  to  post-ondanoo  anoeaiing  aod  overshadow  tbe  effects  of  the  three  annealing  cycles 
studied  In  additioo.  di&reot  electrode  processes  were  employed  in  the  earlier  wodc  than  are  used  today.  Thus 
the  entire  processing  sequence  of  IGFET  fabiicatioo  must  be  consideied  in  determining  the  factors  which 
influence  gate  insulator  defect  levels  aod  susceptibility  to  ionizing  radiadoo.  In  light  of  the  results  presented  in 
this  paper,  it  is  also  obvious  that  tbe  value  of  tbe  three  anoeaiing  cycles  studied  must  be  reconsidered  since  they 
add  additional  expense,  impact  tbe  tbennal  budget,  aod  can  possibly  contnbute  to  yield  loss  in  an  IGFET 
fabricaoon  process.  Perhaps  tbe  most  significant  conclusion  that  con  be  drawn,  is  that  capacitor  behavior  is 
probably  not  representative  of  what  the  full  transistoT  behavior  is  likely  to  be,  and  correlations  must  be  treated 
as  suspect  unless  direa  compaiisoo  data  exists  to  demonstrate  tbe  validity  of  such  correlations. 
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TABLES 


Table  I.  Initial  atxl  post-irradiated  subthreshold  inveise  slopes  and  the  calculated  change  in  mean  interface 
state  density  for  the  various  wafer  groups.  POA  =  post-oxidahoo  anneal  (5  minutes  at  1000‘C  in  argon), 
PPA  =  post-poly  anneal  (30  minutes  at  500*C  in  forming  gas),  and  PMA  =  post-metal  anneal  (30  minutes 
at  400*C  in  hydrogen).  The  radiatioo  used  was  A1  Ka  X-rays  to  a  dose  of  8.S  x  10^  Rads  SiO^. 


Group 

POA 

PPA 

PMA 

<^o  ... 

t:  —  initial 
dln/o 

(mV/decade) 

dVo  .  . 

..  post  irradiaooo 

dln/o 

(mV/decade) 

(cm'^eV*) 

1 

YES 

YES 

YES 

82.7±0.2 

86.110.6 

3.9xl0‘® 

2 

YES 

NO 

YES 

82.9±0J 

85.710.1 

3.2x10*° 

3 

NO 

YES 

YES 

83.010.1 

85J10.1 

2.6x10*° 

4 

NO 

NO 

YES 

81.910.2 

84.810.1 

3.4  X  10*° 

5 

YES 

YES 

NO 

84.610.7 

88.810.7 

4.7  X  10*° 

6 

YES 

NO 

NO 

84.310.4 

86.610-2 

2.6x  10‘° 

7 

NO 

YES 

NO 

85.310.6 

91.911.7 

7.4  X  10*° 

8 

NO 

NO 

NO 

83.310.8 

101.7122 

21.1x10*° 

Table  Q.  Initial  and  post-irradiated  threshold  voltages,  Vf,  and  threshold  voltage  shifts  associated  with 
fixed  positive  charge,  AVr(FPQ,  neutral  electron  traps,  AVVCNET),  and  fixed  negative  charge, 
AV't-CFNC),  for  the  various  wafer  groups.  POA  =  post-oxidahoo  anneal  (S  minutes  at  lOOO’C  in  argon), 
PPA  =  post-poly  anneal  (30  minutes  at  SOO’C  in  forming  gas),  and  PMA  =  post-metal  ann^i  (30  minutes 
at  400*C  in  hydrogen).  The  radiadon  used  was  A1  Ka  X-rays  to  a  dose  of  8.5  x  10^  Rads  SiO^. 


Group 

POA 

PPA 

PMA 

Initial  Results 

Post-lrradiatioa  Results 

Yr 

(vohs) 

AYrlFPC) 

(volts) 

AYrCNET) 

(vohs) 

V'r 

(volts) 

AYr(PPC) 

(volts) 

AYrfNET) 

(volts) 

AVV(FNQ 

(volts) 

1 

YES 

YES 

YES 

1.14±01 

ootoo 

.03t0l 

0.26t02 

0.97t03 

1.60t04 

0.09t01 

YES 

NO 

YES 

1.121.01 

ootoo 

.03t01 

0.27t01 

0.94t01 

1.67t02 

0.09t01 

NO 

YES 

YES 

1.121.01 

.001.00 

.03t00 

0.32t02 

0.89t02 

1.52t03 

0.08t01 

NO 

NO 

YES 

1.091.02 

.001.00 

.03t01 

0.18t02 

1.01t02 

1.60t03 

o.ostoi 

5 

YES 

YES 

NO 

1.121.01 

ootoo 

.03t00 

0.25tl0 

0.96tl0 

1.48t03 

O.OBtOl 

6 

YES 

NO 

NO 

1.111.01 

.ootoo 

.03t(X) 

0.27t04 

0.94t04 

1.46t03 

0.09t01 

7 

NO 

YES 

NO 

1.121.01 

ootoo 

.03t00 

0.35t02 

0.88t02 

1.59t03 

O.OdtOl 

8 

NO 

NO 

NO 

1.091.01 

ootoo 

.03t0l 

0.22t02 

0.98t02 

1.59t03 

o.iotoi 

L3 


